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ABSTRACT
We determine the lateral variations in 
seismic velocity of the lithospheric mantle 
beneath the Gulf of Aden and its margins 
by inversion of Pn (upper mantle high-fre-
quency compressional P wave) traveltimes. 
Data for this study were collected by sev-
eral temporary seismic networks and from 
the global catalogue. A least-squares tomo-
graphic algorithm is used to solve for veloc-
ity variations in the mantle lithosphere. In 
order to separate shallow and deeper struc-
tures, we use separate inversions for shorter 
and longer ray path data. High Pn velocities 
(8.2–8.4 km/s) are observed in the uppermost 
mantle beneath Yemen that may be related to 
the presence of magmatic underplating of the 
volcanic margins of Aden and the Red Sea. 
Zones of low velocity (7.7 km/s) are present 
in the shallow upper mantle beneath Sana’a, 
Aden, Afar, and along the Gulf of Aden that 
are likely related to melt transport through 
the lithosphere feeding active volcanism. 
Deeper within the upper mantle, beneath the 
Oman margin, a low-velocity zone (7.8 km/s) 
suggests a deep zone of melt accumulation. 
Our results provide evidence that the asthe-
nosphere undergoes channelized fl ow from 
the Afar hotspot toward the east along the 
Aden and Sheba Ridges.
INTRODUCTION
The Afar Triple Junction separates the Ara-
bian plate from the African plate, and is char-
acterized by abundant magmatic activity due 
to the presence of elevated temperatures asso-
ciated with the Afar mantle plume, suggested 
to have played an important role in the conti-
nental breakup that led to the opening of the 
Red Sea and the Gulf of Aden rifts (Bellahsen 
et al., 2003). Deformation within the region is 
largely localized along these two rifts (Leroy 
et al., 2010). Seismic imaging studies carried 
out in this region have led to a better under-
standing of the lithospheric structure and the 
role played by the Afar plume in the volcanic 
activity and continental breakup. Shear wave 
velocity variations studied by Park et al. (2008) 
indicate the presence of low-velocity regions 
at depths >150 km beneath the Red Sea coast 
and the volcanic structures in Saudi Arabia. 
These velocity anomalies may be the result of 
hot material from the Afar plume fl owing north 
beneath Arabia and along the Red Sea rift (e.g., 
Chang and Van der Lee, 2011). Continental 
margins in the western Gulf of Aden are vol-
canic, and eastern margins are nonvolcanic. The 
gravity study of Hébert et al. (2001) suggests 
that the infl uence of the Afar plume is limited to 
the western part of the gulf; they found that the 
oceanic crustal thicknesses obtained from inver-
sion of a mantle Bouguer anomaly east of 45°E 
are typical of a normal crust generated outside 
any hotspot infl uence. However, several subse-
quent studies have pointed out the presence of 
low-velocity anomalies associated with partial 
melting in Oman (Basuyau et al., 2010), off-axis 
volcanism near the Sheba Ridge (d’Acremont 
et al., 2010), and magmatic activity within the 
mantle beneath the entire Gulf of Aden (e.g., 
compilation of several investigations, including 
electromagnetism, geochemistry, and heat fl ow; 
for a review, see Leroy et al., 2010). On the basis 
of geophysical measurements and teleseismic 
body-wave tomography, it was suggested (Leroy 
et al., 2010; Chang and Van der Lee, 2011) that 
hot mantle material from the Afar plume may be 
fl owing eastward along the inverted channel at 
the base of the lithosphere created by the Gulf 
of Aden ridges. In order to test this hypothesis, 
we need robust data on the wavespeed of the 
uppermost mantle, constraints lacking from 
previous regional and global studies, which did 
not obtain constraints on mantle structure above 
75 km depth (Park et al., 2007, 2008; Chang and 
Van der Lee, 2011; Debayle et al., 2001; Phillips 
et al., 2007).
Here we describe the fi rst regional study 
of lithospheric mantle P-wave velocities (Pn) 
along the Gulf of Aden. Pn waves are high-fre-
quency compressional waves that are refracted 
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in the lithospheric mantle at ~8 km/s (Beghoul 
et al., 1993). Pn tomography studies can be 
used to interpret the rheology and the physical 
characteristics of the Mohorovicic discontinu-
ity and the uppermost mantle (Bannister et al., 
1991). Wave propagation velocities provide 
constraints on temperature, pressure, and com-
positional variations within the mantle (Perry 
et al., 2006). They are also used to study the 
spatial distribution of mantle upwelling and 
partial melting (Dunn et al., 2001). For this 
study, we use the inversion method of Hearn 
(1996) to analyze Pn arrival times in data 
from networks of seismometers temporarily 
deployed in the region. Pn tomography allows 
us to image variations of wave propagation 
speed within the lithospheric mantle beneath 
the Gulf of Aden. These velocity variations are 
then interpreted within the context of regional 
geodynamics.
The aim of this work is to image the mantle 
structure of the entire Gulf of Aden and the 
triple junction of the Red-Sea–Gulf of Aden–
East African rifts. In doing so, we can test mod-
els that explain the origin and distribution of 
volcanism along the Gulf of Aden.
DATA
The data consist of Pn fi rst arrival times 
recorded by local networks deployed in Oman, 
Yemen, and Socotra Island (Fig. 1) from April 
2009 to May 2011 during the French YOCMAL 
(Young Conjugate Margins Laboratory in the 
Gulf of Aden) project: 23 stations were deployed 
in Oman, 60 stations arranged in 3 profi les in 
Yemen, and 24 stations on Socotra Island. Data 
collected from 2003 to 2007 by existing net-
works in Oman and Socotra were included in 
the study (Dhofar Seismic Experiment network 
[Tiberi et al., 2007] and ENCENS UK network 
[Leroy et al., 2010]; Fig. 1). We also used data 
from networks in Djibouti (2009–2011) and 
Ethiopia (2007–2010 [Ebinger et al., 2008], 
Afar Rift Consortium [Hammond et al., 2011], 
Afar0911 [Belachew et al., 2011; Stork et al., 
2013], and IRIS-PASSCAL networks).
Pn waves are compressional head waves that 
travel along or below the Moho discontinuity, 
and are recorded at regional-scale distances 
(~200–1600 km). We used Pn arrival times for 
seismic events occurring at epicentral distances 
of 1.8° to 16° from each receiver, and we pre-
cisely hand-picked 13,530 Pn arrival times. 
We combine our data with data from the Inter-
national Seismological Centre (ISC) global cat-
alogue (ISC, 2011) in order to improve the data 
set and tomography model resolution (compari-
sons of the resolution between ISC data only 
and the combined data set with hand-picked Pn 
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Figure 1. Topographic and 
bathymetric map of the study 
area. The locations of the seismic 
stations from different tempo-
rary networks used in this study 
are indicated by circles. Expt—
experiment;  YOCMAL—Young 
Conjugate Margins Labora-
tory in the Gulf of Aden; IRIS-
PASSCAL— Incorporated 
Research Institutions for Seis-
mology Program for Array 
Seismic Studies of the Continen-
tal Lithosphere.
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are provided in the Supplemental File1). From 
the ISC catalogue we selected 65,985 arrival 
times that are identifi ed as Pn waves from 
events that occurred from 1990 to 2010 within 
a 2000-km-diameter zone centered at 17°N, 
54°E. Several selection criteria were used to 
improve the data set quality. Only earthquakes 
with depths <35 km were selected. Each station 
was required to record fi ve or more events, and 
each event had to be recorded by at least fi ve 
stations. To minimize location errors, the follow-
ing criteria were used: event locations calcu-
lated with a minimum of 8 stations; azimuth gap 
< 200°; root mean square (rms) residuals < 3 s; 
nearest station used in the calculation < 800 km. 
All traveltimes selected were then plotted as a 
function of distance (Fig. 2) and only data with 
traveltime residuals of 4 s or less relative to the 
mean mantle velocity were retained. We found 
52,947 arrival times from 3778 events and 352 
stations that satisfi ed these criteria (Fig. 3).
The distribution of seismic stations is not 
evenly spread over the entire study area. There 
is a high density of stations along the northern 
coast of the Gulf of Aden and in the Afar hotspot 
region. There are only a few stations across 
the rest of the Arabian plate and no stations in 
Somalia. The greatest number of seismic events 
occurred in the Zagros mountain belt and along 
the Aden Ridge.
Figure 4 shows the ray path density for the 
selected arrival times and for the tomographic 
model. Regions with the highest density of Pn 
ray paths (>64 rays by cell) occur near the Afar 
Triple Junction, the northern coast of the Gulf 
of Aden, and an area between the western Gulf 
of Aden and Socotra Island. Intrusions of dike 
swarms in the Afar region have triggered seis-
mic episodes of a large number of highly local-
ized, <M5 seismic events over a period of a few 
days or weeks (e.g., Wright et al., 2006; Ebinger 
et al., 2010; Grandin et al., 2011; Keir et al., 
2011; Nobile et al., 2012), leading to high data 
density in the Afar region. At the time of this 
study, the most recent such swarm was located 
east of Djibouti, at 44°E, in November 2010 
(Ahmed et al., 2013a; Shuler and Nettles, 2012; 
Ebinger et al., 2013). Seismic events (n = 100) 
were recorded over a period of two days, prin-
cipally from the Socotra Island network. This 
episode is one of the largest observed from an 
oceanic spreading center (Shuler and Nettles, 
2012; Ahmed et al., 2013a). Areas with between 
4 and 64 Pn arrivals predominate in the rest of 
the study area. Data coverage is very good in 
the Afar region and on the northern margin of 
the Gulf of Aden, where most of the stations are 
located. Data coverage is poorest in the southern 
Saudi Arabia, the easternmost part of the Gulf of 
Aden, and the southern margin.
METHOD
The Pn data inversion method for velocity was 
developed and described by Hearn (1996). Pn 
rays are sensitive to lateral propagation veloc-
ity variations in the upper mantle, crustal thick-
ness variations, and crustal propagation veloc-
ity variations (Hearn and Ni, 1994). Following 
the method of Hearn (1996), our investigation 
focuses on the Pn velocity variations assuming 
1Supplemental File. Figure DR1. Number of rays 
traveling in each cell of the 2D grid model. (A) Ray 
density for the temporary seismic network data set. 
(B) Ray density for the ISC (International Seismo-
logical Centre) catalogue data set. (C) Ray density 
for the total data set used in this study, combining the 
ISC catalogue and the temporary seismic network 
data sets. The combined data set has a higher density 
of rays in the Gulf of Aden and Afar areas. Figure 
DR2. 2° by 2° checkerboard test resolved. Synthetic 
data are generated with 0.25 km/s isotropic veloc-
ity perturbations and a 1 s random Gaussian noise 
to simulate Pn identifi cation errors. (A) Checker-
board test for the temporary seismic network data 
set. (B) Checkerboard test for the ISC catalogue data 
set. (C) Checkerboard test for the total data set used 
in this study, combining the ISC catalogue and the 
temporary seismic network data sets. The checker-
board test for the combined data set shows better 2° 
by 2° resolution in the southwest of Yemen, in Afar 
and along the Gulf of Aden north coast. If you are 
viewing the PDF of this paper or reading it offl ine, 
please visit http:// dx .doi .org /10 .1130 /GES01052 .S1 
or the full-text article on www .gsapubs .org to view 
the Supplemental File.
Figure 2. Plot of the traveltimes from the total data set relative to an initial uppermost mantle velocity of 8.16 km/s. The vertical trend of the 
residuals near 1000 km could be due to mislocated events. We used strict criteria (see text) to select the data, and used only the traveltimes 
with residuals ≤4 s in the Pn tomography inversion (shown in red).
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an isotropic medium and a ray path divided into 
three straight segments: (1) the focus-mantle 
path, (2) the mantle path, and (3) the mantle-
station path, that are adjusted for the curvature 
of the Earth. For the inversion, the uppermost 
layer of the mantle is divided into a set of two-
dimensional cells. The slowness (inverse of 
velocity) is determined for each cell by solving 
the Pn total traveltime equation:
 T ij = ai + bj + Σd ijk × Sk, (1)
where T ij is the traveltime along the ray path 
from event j to station i, ai is the traveltime for 
the mantle-station path arriving at station i, bj 
is the traveltime for the focus-mantle path for 
event j, d ijk is the distance traveled by ray ij 
in mantle cell k, and Sk is the slowness per-
turbation (inverse of velocity) for cell k. The 
traveltime equation is solved for each cell and 
for each event-station ray path using a condi-
tional least squares (LSQR) algorithm (Paige 
and Saunders, 1982; Hearn, 1996) to obtain the 
slowness of the lithospheric mantle. An itera-
tion number of 500 was used to reach LSQR 
inversion convergence. A number of analyses 
were performed to select optimum cell size. 
The best solutions of the traveltime equation 
were obtained using a cell size of 0.25° by 
0.25°. The Laplace damping equation was used 
during the inversion to control the smooth-
ness of the solution. After a series of tests, 
we chose a damping parameter of 500. This 
value was found to best balance error reduc-
tion and model resolution. Damping values of 
<200 where found to produce spurious veloc-
ity anomalies, while values >800 signifi cantly 
reduced our model resolution. When the LSQR 
algorithm initialization occurs, mean mantle 
velocity is calculated from the slope of the 
linear trend line of the arrival time versus dis-
tance plot.
RESOLUTION AND ERROR ANALYSIS
The estimated standard error for the Pn inver-
sion in the method of Hearn (1996) is typically 
~1 s, indicating the presence of weak noise that 
comes from event location errors (Hearn et al., 
2004; Calvert et al., 2000). We fi nd a consistent 
value of 0.87 s in our model inversion. Standard 
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Figure 3. (A) Map of stations (blue triangles, temporary networks, and catalogues) and seismic events (red circles) used for the inversion; 
3778 events and 352 stations were used. (B) Pn rays used for the inversion; 52,947 rays were selected. Only the results of the blue rectangle 
area are discussed in this study.
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Figure 4. Number of rays traveling in each cell of the two-dimensional grid model. Ray 
coverage is dense near the Afar Triple Junction, the north coast of the Gulf of Aden, and 
between Afar and the Socotra Island.
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errors for velocity were calculated using the 
bootstrap method for 50 iterations (Hearn and 
Ni, 1994). The resulting average velocity error 
is 0.05 km/s. Velocity errors are < 0.17 km/s, 
much smaller than the amplitude of anomalies 
interpreted. Synthetic tests were used to deter-
mine the resolution of the inversion model for 
the study area, and to quantify the ability of the 
inversion model to distinguish small-scale fea-
tures. Checkerboard test models were used with 
cell sizes of 2° by 2° and 4° by 4° (Fig. 5) with a 
random Gaussian noise of 1 s to simulate travel-
time estimation errors. Input velocity anomalies 
alternate between +0.25 km/s and –0.25 km/s. 
For the 4° by 4° checkerboard test (Fig. 5C), the 
resolution is very good on the northern margin 
and along the Gulf of Aden. The lack of seismo-
logical stations and seismic events on the south-
ern Gulf of Aden results in poor resolution on 
the southern margin, the eastern Sheba Ridge, 
and areas near the edge of the study area. For the 
2° by 2° checkerboard test, high-resolution areas 
are located at the junction of the Red Sea and the 
Gulf of Aden and along the northern margin of 
the Gulf of Aden. Small-scale features of ~2° by 
2° can be interpreted in these areas.
RESULTS
Results of Inversion
Figure 6 shows the result of the inversion for 
500 iterations. Velocity anomalies are in kilome-
ters per second, and are relative to a mean mantle 
propagation velocity of 8.16 km/s, calculated by 
the model with our data set. A prominent low-
velocity anomaly (7.7 km/s) is located between 
Socotra Island and the Oman margin. Smaller 
low-velocity anomalies are imaged in Afar (7.8 
km/s), in the southern Red Sea, around Sana’a 
(7.7 km/s), and in the western Gulf of Aden (7.8 
km/s). Two small high-velocity anomalies are 
observed on the western coast of Yemen and in 
the central Gulf of Aden (8.4 km/s).
Variation of Mantle Velocity with Depth
Pn are fi rst arrivals from seismic events that 
occur ~200 km from the receiver, so the waves 
travel near the crust-mantle interface. Ray paths 
do not travel strictly along the crust-mantle inter-
face, but dive into the lithospheric mantle (Hearn 
et al., 2004). The greater the distance of the event 
from the station, the deeper the waves travel into 
the lithospheric mantle, such that short and long 
ray paths do not travel in the same part of the 
lithospheric mantle. Quantifying the precise 
depth of Pn ray penetration remains challeng-
ing. It is possible, however, to separate short ray 
paths from long ones. Short ray paths arriving 
from events that occur at angular distances of 
1.8°–9.5° travel through the shallow lithospheric 
mantle (SLM) and long ray paths from 9.5° to 
16° travel through the deeper lithospheric mantle 
(DLM) (Hearn et al., 2004). Traveltime inver-
sion can be performed for short and long ray 
paths separately. The reduced data in each inver-
sion result in reduced model resolution. Never-
theless, the resolution is suffi cient to distinguish 
major structures. Checkerboard tests models are 
used for both SLM and DLM and results are pre-
sented in Figure 7. Ray path coverage is denser 
in the western part of the SLM, yielding resolu-
tion of better than 2° by 2° (Fig. 7A). Resolution 
is 4° by 4° greater in the eastern SLM (Fig. 7C). 
It is not possible to resolve features as small as 
2° by 2° in the DLM (Fig. 7B), but 4° by 4° fea-
tures are resolved for the eastern part (Fig. 7D). 
The data set for the DLM has a large number of 
ray paths from events located around the Zagros 
mountain belt. This results in some northeast-
southwest streaking of the checkerboard.
Results of the SLM and DLM inversions 
are shown in Figures 7E and 7F, respectively. 
The mean propagation velocity of waves in the 
mantle is 8.09 km/s for short ray paths, corre-
sponding to the SLM, and 8.20 km/s for long 
ray paths (DLM). We fi nd a velocity gradient 
between the SLM and the DLM, as expected 
in the lithospheric mantle (Hearn et al., 2004). 
Figure 7E shows velocity variations of Pn waves 
for the SLM. The most visible structures are 
low-velocity anomalies in the Afar region, the 
southern Red Sea, around Sana’a, and along 
the Gulf of Aden (7.7 km/s). High-velocity 
anomalies appear along the western and south-
ern margins of Yemen (8.2–8.4 km/s). For the 
DLM (Fig. 7F), low-velocity anomalies with 
high amplitude are situated in southern Oman 
and in the north of Socotra Island (7.8 km/s). 
A high-velocity anomaly is located between the 
southern Oman margin and the Sheba Ridge. 
The separation of the data set into short and 
long ray paths shows the different distribution 
of velocity anomalies in the SLM and DLM.
DISCUSSION AND GEODYNAMIC 
IMPLICATIONS
Upper Mantle Structure
Previous tomographic studies at various 
scales of resolution have been carried out within 
the Gulf of Aden. The global Pn tomography 
study of Phillips et al. (2007) imaged velocity 
anomalies with a resolution of 4°–8°; they found 
that all of the Red Sea and its borders are marked 
by a pronounced low-velocity anomaly, whereas 
only a weak low-velocity anomaly occurs in the 
western Gulf of Aden. In contrast, the eastern 
end of the gulf does not show any low-velocity 
anomaly. Using S-wave tomography, Debayle 
et al. (2001) found a low-velocity anomaly 
around Afar and Yemen, along the Red Sea, and 
along the Gulf of Aden. This low-velocity zone 
was imaged at a depth of 100 km with a reso-
lution of a few hundred kilometers. Chang and 
Van der Lee (2011), using S-wave teleseismic 
tomography, imaged a low-velocity anomaly at 
depths of 75 and 100 km with a resolution of 
1° in the western Gulf of Aden, southern Red 
Sea, and Afar region. In the Red Sea region, the 
large-scale low-velocity anomaly (7.8 km/s) 
that we imaged within the SLM reaches the 
Saudi Arabia coast between lat 15°N and 18°N. 
It is situated under the eastern margin of the Red 
Sea. Park et al. (2008) imaged a similar anomaly 
using S-wave teleseismic tomography. In con-
trast, our Pn tomography of the margin along the 
coast of Oman shows a slightly higher velocity 
relative to the 8.1 km/s mean mantle velocity. 
These results are consistent with heat fl ow mea-
surements in Arabia, which show that heat fl ow 
is high along the Red Sea coast in Yemen, but 
low near the coast of the Gulf of Aden in Oman 
(Rolandone et al., 2013).
When the SLM Pn tomographic map of the 
Gulf of Aden is superposed on a map of current 
magmatic and volcanic activity, low-velocity 
anomalies correlate well with zones of active 
volcanism (Fig. 8). Along the southern Yemeni 
margin, low-velocity anomalies (7.9 km/s) 
appear beneath active volcanic structures (stars 
in Fig. 8). Two pronounced low-velocity anom-
alies (7.7 km/s) are positioned under volcanic 
structures in the Afar region and around Sana’a 
in Yemen. A slight low-velocity anomaly (8.0 
km/s) on the Oman margin is under a recent 
active volcano (lat 16°N, long 54°E; Fig. 8 top; 
Leroy et al., 2013). One low-velocity anomaly 
corresponds to recently volcanic activity on the 
western Aden Ridge associated with an episode 
of magmatic dike intrusion in November 2010 
(Shuler and Nettles, 2012; Ahmed et al., 2013a).
Broad low-velocity anomalies (7.7 km/s) are 
imaged in the region of Socotra Island. In the 
north of the Socotra region, velocity anomalies 
of at least 4° by 4° scale can be interpreted (Fig. 
7C). These anomalies may be related to the 
occurrence of broad volcanism near the Sheba 
Ridge (d’Acremont et al., 2010; Leroy et al., 
2013). On the western margin of Yemen, around 
the city of Aden, two high-velocity anomalies 
are visible (8.2–8.4 km/s). These anomalies are 
consistent with the teleseismic tomography 
fi ndings of Korostelev et al. (2014) showing 
high-velocity anomalies of ~4% at depths of 
45 km and 70 km along the western margin 
of Yemen. Drawing on insights from receiver 
functions analysis (Ahmed et al., 2013b) 
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showing  spatial coincidence between regions of 
overthickened crust with a high Vp/Vs ratio and 
thick basalt fl ows (seaward dipping refl ectors) 
suggestive of underplated ultramafi c bodies 
under the crust of the Red Sea and Aden mar-
gins, we interpret our low-velocity anomalies as 
underplated magmatic material. We fi nd high-
velocity anomalies of ~1.2%–3.7% relative to 
the mean mantle velocity beneath most of the 
plateaus and rifted margins, with the exception 
of locales of Holocene to recent volcanism. 
High velocities are generally explained by a sta-
ble, cold and/or thick lithospheric mantle (e.g., 
Calvert et al., 2000; Al-Lazki et al., 2004; Hearn 
et al., 2004; Pei et al., 2007). In this area the rift-
ing phase terminated ca. 16 Ma (Davison et al., 
1994; Leroy et al., 2012), and as a result the 
lithosphere has cooled and become more stable 
than the surrounding area. There is also a con-
trast in the crustal thickness between these two 
areas induced by the rifting episode of the Red 
Sea 34 Ma (Davison et al., 1994; Leroy et al., 
2012). The crustal thickness varies from 35 ± 
2 km under the high plateaus to 20 ± 3 km under 
the Tihama plain, as found by computation of 
receiver functions (Ahmed et al., 2013b).
Deep Anomalies in Eastern Oman 
and the Gulf of Aden
The tomographic image of the DLM shows 
a spatial distribution of low-velocity anomalies 
that is distinctly different from that of the SLM. 
In the eastern part of the Gulf of Aden, imaging 
of the DLM between the Sheba Ridge and the 
Oman coast indicates a high-velocity anomaly, 
while velocity of the mantle between the Sheba 
Ridge and Socotra Island is low (7.8 km/s). This 
low velocity in the DLM south of the ridge is 
consistent with the fi ndings of Leroy et al. 
(2010) and d’Acremont et al. (2010), who mea-
sured signifi cant variation in electric resistivity 
beneath the oceanic crust on either side of the 
Sheba Ridge. Electrical resistivity of mantle to 
the south of the Sheba Ridge is low, indicating 
the presence of hot material related to an off-
axis melting anomaly. To the north of the Sheba 
Ridge, electrical resistivity is higher and consis-
tent with colder mantle temperatures.
A low-velocity anomaly within the DLM 
beneath southern Oman is consistent with the 
fi ndings of Basuyau et al. (2010), who imaged 
two low-velocity anomalies in the DLM 
(between 60 and 200 km depth) beneath the 
Oman margin aligned with the Alula-Fartak and 
Socotra-Hadbeen fracture zones. The magnitudes 
of these anomalies are consistent with the pres-
ence of partial melting (3%–6%). Basuyau et al. 
(2010) interpreted these anomalies as melt prod-
ucts migrating from the Sheba Ridge, as a result 
of upwelling Afar plume material migrating east-
ward along the lithosphere-asthenosphere bound-
ary below thinned lithosphere at the ridge. The 
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Figure 5. Pn velocity checkerboard tests. (A) Input checkerboard test (4° by 4°). (B) Input checkerboard test (2° by 2°). (C) 4° by 4° checker-
board test resolved; the green line delimits the resolution area. (D) 2° by 2° checkerboard test resolved; the green line delimits the resolution 
area. Synthetic data are generated with 0.25 km/s isotropic velocity perturbations and a 1 s random Gaussian noise to simulate Pn picking 
errors. In the Afar region and along the north coast of the Gulf of Aden, features as small as 2° can be resolved, while in the rest of the study 
area, the resolution limit is 4° or larger.
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presence of a single larger low-velocity anomaly 
(7.8 km/s) at depth in this area is suggested by 
our study and may indicate a broader deep zone 
of melting accumulation. The 5% reduction in Pn 
velocity relative to the mean DLM velocity could 
be interpreted as the presence of 1.4% melt in the 
DLM (Stork et al., 2013).
Plume-Ridge Interaction Model: Material 
Channeled Along the Gulf of Aden?
Many studies have attempted to understand 
the infl uence of the Afar plume on surround-
ing regions and its interactions with the East 
African, Red Sea, and Gulf of Aden rifts (e.g., 
Hansen et al., 2006; Park et al., 2008; Luca-
zeau et al., 2009; Leroy et al., 2010; Albers 
and Christensen, 2001). As in previous studies, 
the Pn tomographic image of the SLM shows 
a low-velocity anomaly (7.7 km/s) beneath the 
Afar region (Stork et al., 2013). This is low in 
comparison with the global mean Pn velocity, 
and with other rifts and ridges that have similar 
extension rates (Keir et al., 2013).
The resolution of our study does not permit us 
to image the DLM beneath the Afar region. Our 
image of the shallow upper mantle beneath Afar 
shows a low-velocity anomaly (7.9 km/s) that 
extends southwestward, northward, and along 
the Aden Ridge. These zones of low velocity 
coincide with active volcanism and are therefore 
likely to be the result of melt production beneath 
thinned lithosphere, or partial melt within the 
mantle lithosphere beneath the three rift arms 
of the Afar Triple Junction. Partial melt may 
migrate beneath the lithosphere-asthenosphere 
boundary by channelized fl ow. The model pro-
posed in Leroy et al. (2010) that calls for chan-
neling of mantle material along the Aden Ridge 
implies that the Afar plume infl uence may 
extend toward the eastern Gulf of Aden. The 
fi ndings of Chang and Van der Lee (2011) agree 
with this model for the western part of the gulf. 
Our SLM image of low-velocity anomalies 
that extend from Afar toward the Sheba Ridge 
is consistent with channeling of plume mate-
rial beneath the western Gulf of Aden. These 
low-velocity anomalies may also be explained 
by small-scale convection in the mantle due to 
temperature gradients and/or the difference in 
thickness of continent and ocean lithospheres 
in the deep margins of the gulf (Lucazeau et al., 
2008). Small-scale convection would require 
low-velocity anomalies to be found along the 
entire length of the ocean-continent transition 
zone (Fig. 8) from east to west. Although low-
velocity anomalies are imaged along the ocean-
continent transition in the eastern gulf (southern 
Oman and northern Socotra Island), they do not 
seem to be imaged continuously between the 
Shukra El Sheik and the Alula Fartak fracture 
zones. We therefore suggest that small-scale 
convection may not be the only active process.
Our Pn tomography images lend credence to 
the plume-ridge interaction model, an interpreta-
tion also favored by the physical and rheological 
characteristics of the region. The Gulf of Aden 
is a slow-spreading (20 mm/yr.) narrow oceanic 
basin segmented by numerous transform faults 
(Fig. 8) (Leroy et al., 2010, 2012). It has been 
suggested that transform faults form rheologi-
cal barriers to plume dispersion along ridge axis 
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Figure 7. Checkerboard tests for short 
ray path inversion (1.8°–9.5°) and long 
ray path inversion (9.5°–16°), and varia-
tion of Pn velocity for the shallow litho-
spheric mantle (SLM) and the deeper 
lithospheric mantle (DLM). The green 
lines delimit the different resolution 
areas. (A) 2° by 2° checkerboard test for 
the SLM. (B) 2° by 2° checkerboard test 
for the DLM. (C) 4° by 4° checkerboard 
test for the SLM. (D) 4° by 4° checker-
board test for the DLM. (E) Variation 
of SLM Pn velocity in km/s relative to 
the mean velocity of 8.09 km/s. The sur-
rounding green line delimits the area of 
4° resolution, and the inside green line 
delimits the 2° resolution area. (F) Varia-
tion of DLM Pn velocity in km/s relative 
to the mean velocity of 8.20 km/s. Note 
that the scale is different between E and 
F due to a different mean velocity calcu-
lated by the model. The green line delim-
its the 4° resolution area.
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Figure 8. Superposition of the 
velocity images of the shal-
low lithospheric mantle (SLM; 
middle) and deeper lithospheric 
mantle (DLM; bottom) on a map 
of magmatic and volcanic activ-
ity (top; modifi ed from Ebinger 
et al., 2008; Leroy et al., 2010, 
2012). Aden R—Aden Ridge, 
ShR—Sheba Ridge, SSFZ—
Shukra el Sheik fracture zone, 
KI—Kanshar-Irqah, XM—Xiis-
Mukalla, BM—Bosaso-Masila, 
AFFZ—Alula-Fartak fault zone, 
AFTF—Alula-Fartak transform 
fault, SHFZ—Socotra Hadbeen 
fault zone, OCT—ocean-conti-
nent transition, An 5d—mag-
netic anomaly corresponding to 
17.6 Ma. The surrounding green 
line delimits the area of 4° reso-
lution, and the inside green line 
delimits the 2° resolution area.
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(Georgen and Lin, 2003). Our results indicate 
this may occur in several locations in the Gulf 
of Aden: in the central Gulf of Aden, the Kan-
shar Irqah, and the Xiis Mukalla fracture zones 
(Fig. 8). The low-velocity anomaly extends 
northward between the latter two fracture zones, 
and appears to terminate at the southern coast of 
Yemen beneath a volcanic structure. The Bosaso 
Masila fracture zone directly aligned with an 
active volcano located on the southern coast of 
Yemen (Fig. 8) may act as a rheological barrier 
channeling the fl ow of mantle material toward 
the region of active volcanism to the north.
CONCLUSIONS
We conducted a Pn tomography study in 
order to image the lithospheric mantle of the 
Gulf of Aden from the Afar Triple Junction in 
the west to the Owen fracture zone in the east. 
We fi nd low-velocity anomalies (~7.7 km/s) 
in the SLM beneath Sana’a, Aden, and in the 
Afar region that are associated with active vol-
canism. Low-velocity anomalies imaged along 
the Aden and Sheba Ridges could support the 
plume-ridge interaction model proposed in 
Leroy et al. (2010), in which plume material is 
channeled away from Afar beneath the ridges. 
In addition, we identify low velocities along the 
southern coast of Yemen in regions of Holocene 
to recent volcanism, and also along the nearby 
Kanshar Irqah and Xiis Mukalla fracture zones. 
These observations suggest that transform faults 
and/or fracture zones act as rheological barriers 
in some cases, diverting fl ow toward the site of 
active volcanism, away from the ridge. A shal-
low broad low-velocity anomaly (7.7 km/s) is 
imaged in the north of Socotra Island and could 
be related to the occurrence of broad volcanism 
near the Sheba Ridge. Shallow high-velocity 
anomalies (8.4 km/s) are also imaged to the 
west of Sana’a and around the city of Aden. 
These anomalies could be related to underplat-
ing of high-velocity magmatic material under 
the crust of the Red Sea and Aden margins. A 
deep low-velocity anomaly is observed south of 
the Sheba Ridge (7.6 km/s, 54°E) that could be 
related to an off-axis melting anomaly. A deep 
low-velocity anomaly (~7.6 km/s) is visible in 
Oman, suggesting the presence of a large deep 
zone of partial melting accumulation and the 
presence of 1.4% melt.
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